Transcriptome profiling by RNA sequencing (RNA-seq) has been widely used to characterize cellular status, but solely relies on second strand cDNA synthesis to generate initial material for library preparation. Here we use bacterial transposase Tn5, which has been increasingly used in various high-throughput DNA analysis, to construct RNA-seq libraries without second strand synthesis. We discover that Tn5 transposome can randomly target the RNA/DNA heteroduplex and add sequencing adapters onto RNA directly after reverse transcription. This method, Sequencing HEteRo RNA-DNA-hYbrid (SHERRY), is versatile and scalable. SHERRY accepts a wide range of starting materials, from bulk RNA to even single cells. SHERRY greatly reduces experimental difficulty, with higher reproducibility and GC uniformity than prevailing RNA-seq methods.
Introduction
Transcriptome profiling through RNA-seq has become a routine analysis in biomedicine since the popularization of next-generation sequencers, along with the dramatical decrease of the sequencing cost. RNA-seq has been widely used to facilitate quantitative analysis of various biological questions, from exploring pathogenesis of disease [1, 2] to building up the transcriptome maps for various species [3, 4] . RNA-seq provides informative assessments of samples, especially those that are related to heterogeneity in a complex biological system [5, 6] or to time-dependent dynamic progresses [7] [8] [9] . A typical RNA-seq experiment requires a DNA library built upon the mRNA transcripts. The commonly used protocols contain a few key steps including RNA extraction, poly-A selection or ribosomal RNA depletion, reverse transcription, second strand cDNA synthesis, adapter ligation, and PCR amplification. [10] [11] [12] Although many experimental protocols, combining new chemistries and processes, have been invented recently, we still face many challenges while performing RNA-seq. On one hand, most of these protocols are designed for conventional bulk samples [11, [13] [14] [15] which typically contain millions of cells or more. However, many cutting-edge studies require transcriptome analyses using small amounts of RNA as inputs, for which most large-input protocols cannot work. The main reason of this incompatibility is due to the purification operations needed between major experimental steps, making the whole process labor intensive and causing inevitable loss of the nucleic acid molecules.
On the other hand, many single-cell RNA-seq protocols have been invented in the past decade [16] [17] [18] [19] . However, for most of such protocols it is difficult to achieve both high throughput and high detectability. One type of single-cell RNA-seq approaches, such as Smart-seq2 [17] , is to introduce pre-amplification in the protocol to address the low-input problem but such an approach will probably introduce bias impairing quantification accuracy. Another type of approaches is to barcode each cell's transcripts and hence bioinformatically assign the sequencing data with the identity linked to each cell and each molecule [20] [21] [22] [23] , but the detectability and reproducibility are still not ideal for such approaches. We need an easy and versatile RNA-seq method that can cover input from single cells to bulk RNA.
Bacterial transposase Tn5 [24] has been introduced into next generation sequencing, taking advantage of the unique 'tagmentation' function of dimeric Tn5, which can cut double-stranded DNA (dsDNA) and ligate the resulting DNA ends to specific adaptors.
Genetically engineered Tn5 is now widely used in sequencing library preparation for its rapid process and low sample input requirement [25, 26] . For general library preparation, Tn5 directly reacts with naked dsDNA, followed by PCR amplification with sequencing adaptors. Such a simple one-step tagmentation reaction has been proved to greatly simplify the experimental process, shorten the time and lower the cost. Tn5-tagmentation has also been used for chromatin accessibility detection, high-accuracy single-cell wholegenome sequencing, and chromatin interaction studies [27] [28] [29] [30] [31] . For RNA-seq, the RNA transcripts have to undergo reverse transcription and second strand synthesis, before the Tn5 tagmentation of the resulting dsDNA [32, 33] .
In this paper we present a novel RNA-seq method using Tn5 transposase to directly tagment RNA/DNA hybrid to form an amplifiable library. We experimentally proved that, as an RNase H superfamily member [34] , Tn5 can bind RNA/DNA heteroduplex similarly as to dsDNA, and effectively fragment and ligate the specific amplification and sequencing adaptor onto the hybrid. This method, named Sequencing HEteRo RNA-DNA-hYbrid (SHERRY), can greatly improve the robustness of low-input RNA-seq with a simplified experimental procedure. We also showed that SHERRY can cover various amount of input samples, from single cells to bulk RNA, with a dynamic range spanning six orders of magnitude. SHERRY shows superior cross-sample robustness and comparable detectability to other prevalent methods for both bulk RNA and single cells and provides a unique solution for small bulk samples that existing approaches are struggling to handle. Furthermore, such easy-to-operate protocol is scalable and cost effective, holding promise for high-quality and high-throughput RNA-seq applications.
Results
A new RNA-seq strategy by RNA/DNA hybrid tagmentation. Because of its nucleotidyl transfer activity, transposase Tn5 has been widely used in various new DNA sequencing technologies. Previous studies [35, 36] have identified its catalytic site within the DDE domain ( Fig. S1A) . Indeed, when we mutated one of the key residues (D188E) [37] in the pTXB1 Tn5, we found drastic impairing of its fragmentation activity on dsDNA was notably impaired ( Fig. S1A, B ). An increase in the amount of enzyme used showed no improvement of tagmentation, verifying the important role of DDE domain in Tn5 tagmentation. Given the fact that Tn5 is a member of the ribonuclease H-like (RNHL) superfamily, together with RNase H and MMLV reverse transcriptase [34, 38, 39] , we hypothesized that Tn5 is capable of processing not only dsDNA but also RNA/DNA heteroduplex. Sequence alignment between the three proteins revealed a conserved domain within the active sites, noted as RNase H like domain ( Fig. 1A) . Particularly, the two Asps (D97 and D188) in Tn5 catalytical core were structurally similar to the other two enzymes ( Fig. 1B) . Moreover, the divalent ions, which were important for stabilizing substrate and catalyzing reactions, also occupied similar positions in all of them ( Fig. 1B ) [38] . Furthermore, we worked out nucleic acid substrate binding pocket of Tn5 according to charge distribution and tried docking double-stranded DNA and RNA/DNA heteroduplex in this predicted pocket. It turned out that the binding site had enough space for RNA/DNA duplex (Fig. S1C) . These structural similarities among Tn5, RNase H and MMLV reverse transcriptase and docking results further supported the possibility that Tn5 could catalyze the strand transfer reaction on RNA/DNA heteroduplex (Fig. 1C) .
To validate our hypothesis, we purified Tn5 using the pTXB1 plasmid and corresponding protocol. We prepared RNA/DNA hybrid using messenger RNA extracted from HEK293T cells. Using a typical dsDNA tagmentation protocol, we treated 15ng of such RNA/DNA hybrid with 0.6ul pTXB1 Tn5 transposome. Fragment analysis of the tagmented RNA/DNA hybrid showed an obvious decrease of fragment size compared with that of untreated control, validating the fragment capability of Tn5 on hybrid ( Fig. 1D ). Based on the fragmentation activity of Tn5 transposome on RNA/DNA heteroduplex, we proposed SHERRY (Sequencing HEteRo RNA-DNA-hYbrid), a rapid RNA-seq library construction method ( Fig. 1E) . SHERRY consists of three experimental components:
RNA reverse transcription, RNA/cDNA hybrid tagmentation, and PCR amplification. The resulting product is indexed library that is ready for sequencing. Specifically, mRNA is reverse transcribed into RNA/cDNA hybrid using d(T)30VN primer. The hybrid is then tagmented by pTXB1 Tn5 transposome, adding partial sequencing adaptors to fragment ends. DNA polymerase can be used to amplify the cDNA into a sequencing library after initial end extension. The whole workflow just takes around four hours.
To test the feasibility, we gap-repaired the RNA/DNA tagmentation products in Fig. 1D and amplified those fragments with library construction primers. We found that the size of amplified molecules was about 130bp longer than tagmentation product, which perfectly corresponded to the extended length of the indexed common primers. (Fig. S2) . Thus, direct Tn5 tagmentation of RNA/DNA hybrid offers a new strategy for RNA-seq library preparation.
Tn5 has ligation activity on tagmented RNA/DNA hybrid. To better investigate the detailed molecular events during tagmentation of RNA/DNA hybrid, we designed a series of verification experiments. First, we wanted to verify if the transposon adaptor could be ligated to the end of fragmented RNA ( Fig. 2A) . In brief, we prepared RNA/DNA hybrid from HEK293T RNA using reverse transcription. After tagmentation with Tn5 transposome, we purified the products to remove Tn5 proteins and free adaptors. We assume that Tn5 can ligate the adaptor to the fragmented DNA. At the same time, if Tn5 ligated the adaptor ( Fig. 2A, dark blue) to the RNA strand, the adaptor could serve as the template in the following extension step. After extension the DNA strand should have primer binding site on both 5' and 3' ends for PCR amplification. RNase H treatment should not affect the sequencing library production. If Tn5 failed to ligate the adaptor to the RNA strand, neither strand of the heteroduplex could be converted into sequencing library.
After PCR amplification, we obtained a high quantity of product regardless of the RNase H digestion, suggesting the successful ligation of adaptor to the fragmented DNA.
Sequencing results from both reaction test conditions as well as SHERRY showed >90% mapping rate to the human genome with ~80% exon rate and nearly 12,000 genes detected, validating the transcriptome origin of the library (Fig. 2B, Fig. S3A) . The additional purification step after reverse transcription and/or RNase H digestion before PCR amplification does not seem to affect the results, likely due to the large amount of starting RNA. We further examined the sequencing reads with insert size shorter than 100 bp (shorter than sequence read length), and about 99.7% of them contained adaptor sequence. Such read-through reads directly proved the ligation of adaptor to the fragmented RNA ( Fig. S3B and C) . In summary, our experiment proved that Tn5 transposome could tagment both strands of DNA and RNA in the RNA/DNA heteroduplex. Tagmented cDNA is the preferred amplification template. Next, we tried to determine if the RNA and DNA strand could be amplified to form the sequencing library (Fig. 2C) .
We replaced dTTP with dUTP during the reverse transcription, then purified the tagmented products to remove free dUTP as well as Tn5 proteins. Bst 2.0 Warmstart DNA polymerase was used to perform extension as it was able to use RNA as primer and to process the dU bases in the template. Then the product fragments were treated with either USER enzyme or RNase H to digest cDNA and RNA respectively. We performed RT-PCR with the USER-digested product, to test the efficiency of converting tagmented RNA for library construction (Strand Test 1). To exclude the interference from undigested DNA, we performed PCR amplification with the USER-digested fragments using dUcompatible polymerase (Strand Test 2). We also used dU-compatible PCR to test the efficiency of converting tagmented cDNA for library construction (Strand Test 3). For comparison, we included a control experiment with the same workflow as Strand Test 3 except for skipping the RNase H digestion step (dU-SHERRY) to ensure that Tn5 could recognize the substrates with dUTP.
Sequencing results of Strand Test 1 showed low mapping rate and gene detection count, which were only slightly higher than those of Strand Test 2. In contrast, Strand Test 3 demonstrated similar exon rate and gene count to dU-SHERRY as well as SHERRY (Fig.   2D, Fig. S3A ). Based on these results, we conclude that the tagmented cDNA contributes to the majority of final sequencing library, likely due to inevitable RNA degradation during the series of molecular reactions.
SHERRY for rapid one-step RNA-seq library preparation.
We further tested different reaction conditions to optimize SHERRY performance with 10 ng total RNA as input ( Fig.   S4A ). Specifically, we evaluated the impact of different crowding agents, different ribonucleotide modifications on transposon adaptors, and different enzymes for gap filling.
We also included purification after different steps, which could remove primer dimers and carry-over contaminations. Sequencing results showed little performance change from most of these attempts, proving the robustness of SHERRY under various conditions.
Then we compared the optimized SHERRY to NEBNext® Ultra™ II, a commercially available kit, for bulk RNA library preparation. This NEBNext kit is probably the most popular kit used in current RNA-seq experiments, with 10 ng total RNA as lowest input limit. We therefore tested the RNA-seq performance with 10 ng and 200 ng total RNA inputs, each condition having three replicates. SHERRY demonstrated comparable performance with NEBNext over the two input levels (Fig. S4B) . For the tests with10 ng inputs, SHERRY showed higher precision of gene expression measurement across replicates (Fig. 3A) , likely due to the simpler workflow of SHERRY. Next, we compared the ability to detect differentially expressed genes between HEK293T
and HeLa cells using SHERRY and NEBNext. In all three replicates, SHERRY detected 11,269 genes in HEK293T and 10,774 genes in Hela, with high precision (correlation coefficient 0.999) (Fig. 3B, Fig. S5A-C) . Besides, results from SHERRY and NEBNext were highly concordant (Fig. 3C) . This excellent reproducibility of SHERRY ensured the reliability of subsequent analysis. Then we plotted the heatmap of distance matrix (Fig.   3D ) between different cell types and library preparation methods. Libraries from the same cell type were clustered together as expected. Libraries from the same method tended to cluster together as well, indicating internal bias in both methods.
We then used DESeq2 to detect differentially expressed genes (P-value<5x10 -6 , |log2Fold change| >1). In general, the thousands of differential expressional genes detected by both methods are highly similar (Fig. S5D) . The fold change of these mutually detected differential expression genes had high correlation (correlation coefficient R 2 =0.977) between SHERRY and NEBNext (Fig. 3E) . After examining the genes that showed differentially expression in only one method, we discovered the same trend of expression change in the data from the other method ( Fig. S5E and F) . We conclude that SHERRY provides equally reliable differential gene expression information as NEBNext, with much less time and labor for the whole process.
SHERRY of trace amounts and single cells. We further set out to see if SHERRY could
construct RNA-seq library from single cells. First, we reduced the input to 100 pg total RNA, which was equivalent to RNA from about 10 cells. SHERRY results showed high quality, with high mapping and exon rates and near 9,000 genes detected (Fig. S6A) . 72% of these genes were mutually detected in all three replicates, demonstrating superior reproducibility (Fig. 4A) . Expression of these mutually detected genes showed excellent precision with R 2 ranging from 0.958 to 0.970. (Fig. 4B) .
To further push the detection limit, we carried out single-cell SHERRY experiments (scSHERRY). In contrast to the experiments with purified RNA, scSHERRY required more sophisticated tuning, and we made several optimizations over the standard protocol ( Fig.   4C, Fig. S6B ). Though we found no positive effect from replacing betaine with other crowding agents during standard protocol optimization, we found that addition of crowding reagent with higher molecular weight would improve the library quality from single cells, thus we used PEG8000 for the following scSHERRY experiments. For the extension step, the use of Bst 3.0 or Bst 2.0 WarmStart DNA polymerases detected more genes than the use of Superscript II or Superscript III reverse transcriptases. This is probably due to the stronger processivity and strand displacement activity of Bst polymerases, and the compatibility with higher reaction temperature to open the secondary structure of RNA templates. We also tried to optimize the PCR strategy since extensive amplification could lead to strong bias. Compared to the continuous 28-cycle PCR, the adding of a purification step after 10 cycles, or simply the reduction of total cycle number to 15 increased the mapping rate as well as the gene number detected. Hence, we simply performed 15-cycle PCR without extra purification in order to better accommodate high-throughput experiments. The optimized scSHERRY was capable of detecting 8,338 genes with 50.17% mapping rate (Fig. S6D) , and it showed better reproducibility than Smart-seq2, the most prevalent protocol in the single-cell RNA amplification field (Fig.4D, Fig.S6C ). Compared to Smart-seq2, the gene number and coverage uniformity of scSHERRY resulted library was still a little inferior (Fig. S6D, E) , as Smart-seq2 had enriched full-length transcript during preamplification step. However, this enrichment step of Smart-seq2 brought serious bias as well (Fig. 4E) . We used 200 ng RNA to construct the sequencing library using NEBNext kit, and took the sequencing results as the GC bias free standard. Then we compared the GC distribution of genes detected by scSHERRY or Smart-seq2 with this standard.
Results of scSHERRY, which is free from the second-strand synthesis and preamplification, showed a distribution similar to the standard. On the other hand, the library from Smart-seq2 amplified scRNA showed a clear enrichment for genes with lower GC content. Genes with high GC content were less likely to be captured by Smart-seq2, which may cause a biased quantitation result. Overall, compared with Smart-seq2, scSHERRY library had comparable quality and lower GC-bias. Moreover, scSHERRY workflow was convenient, time efficient, and promising for higher throughput.
Discussion
We found that Tn5 transposome has the capability to directly fragment and tag RNA/DNA heteroduplex and thus proposed a quick RNA amplification and library preparation method called SHERRY. The input of SHERRY could be RNA from single cell lysate or total RNA extracted from a large number of cells. By comparing with the prevalent Smart-seq2 protocol for single-cell input or commercial golden-standard kit (NEBNext) for bulk total RNA, SHERRY exhibited comparable performance for input amount spanning more than 5 orders of magnitude. What's more, the whole workflow of SHERRY consists only five steps in one tube and takes about four hours in total, with hands-on time less than 30 min, from RNA to sequencing library. For Smart-seq2, the time required is doubled and an additional library preparation step is necessary. For NEBNext, the protocol is much more labor-intensive with its time-consuming ten-step protocol (Fig.S7A) . Moreover, SHERRY offers five-fold reduction of the reagent cost compared to the other two methods ( Fig.S7B) . Therefore, SHERRY exhibits great advantages to compete with conventional RNA library preparation methods as well as scRNA amplification methods.
In our previous experiments, Tn5 transposome was assembled by home-purified pTXB1
Tn5 and synthesized sequencer-adapted oligos. To generalize SHERRY method, as well as to further verify Tn5 activity of tagmentation on RNA/DNA heteroduplex, we tested two commercially available Tn5 transposomes, Amplicon Tagment Mix (abbreviated as ATM)
in Nextera XT kit (Illumina, USA) and TTE Mix V50 (abbreviated as V50) in TruPrep kit (Vazyme, China). We normalized different sources of Tn5 transposomes according to the enzyme unit processing 5 ng genomic DNA to the same size under the same reaction condition (Fig. S8A) . The results indicated that the tagmentation activity of home-made pTXB1 Tn5 was 10-fold higher than V50 and 500-fold higher than ATM when using the volume of transposome as the metric. Same units of enzyme were then used to process RNA/DNA heteroduplex prepared from 5 ng mRNA, confirming that they had similar performance on such hybrid (Fig. S8B) . RNA-seq results of libraries from all three enzymes showed consistent results, demonstrating the robustness of SHERRY (Fig.   S8C ).
During DNA and RNA/DNA heteroduplex tagmentation, we found that Tn5 transposome reacted with these two substrates in different pattern. We further titrated pTXB1 Tn5 transposome at three conditions (0.02 µl, 0.05 µl and 0.2 µl), then tagmented 5 ng DNA and mRNA/DNA hybrid separately with each condition (Fig. S9) . As the amount of Tn5 increased, dsDNA was cut into shorter fragments as a whole. While for hybrid, it seemed that Tn5 cut the template 'one by one', since only part of hybrid size shifted shorter and most of them was too short to be cut.
Despite the easiness and commercial competence of SHERRY, the library quality of this method may be limited by its transcript coverage evenness. Unlike NEBNext kit which fragments RNA before reverse transcription, or Smart-seq2 which performs preamplification to select full-length cDNA, SHERRY simply reverse transcribes full-length RNA. Reverse transcriptase is well known for its low efficiency and when using polyT as primer for extension, it would be difficult for the transcriptase to reach the 5' end of the RNA template and caused coverage imbalance across the transcripts, making the RNAseq signal biased toward the 3' end of the gene (Fig. S10A) . In an attempt to solve this problem, we added small amount of TSO primer in the reverse transcription buffer to mimic the Smart-seq2 RT condition. The result showed much improved evenness across the transcripts (Fig. S10A and B) , though some of the sequencing parameters dropped accordingly (Fig. S10C) . We believe, with continuous optimization, SHERRY will take RNA-seq to the next level.
